Abstract -This paper describes measurements of the spurious modes of oscillation for a single-loop opto-electronic oscillator (OEO) at 9.3 GHz. The side modes of an OEO damage the oscillator's good spectral properties and therefore the behaviors of those unwanted modes need to be understandable in order to suppress them. Moreover, we review the state-of-the-art techniques for overcoming the side modes and suggest our measurement setup for effective testing of electrical bandpass filters.
I. INTRODUCTION high-frequency stable oscillator with a low phase noise is required for a variety of applications in medicine, astronomy, radar, wireless networking, etc. An opto-electronic oscillator (OEO) [1] , [2] is one of the highquality frequency oscillators that can generate signals in the micro-wave, and even the millimeter-wave range. In the micro-wave range it can be used for the distribution of the clock signal over a stabilized single optical fiber infrastructure [3] , [4] , while in the millimeter-wave range it is getting a lot of attention for fifth-generation mobile networks [5] , [6] .
Major research effort in the area of the OEO is currently taking place in minimization of it. Getting the low phase noise oscillator as a small integrated device will allow us using it in variety of mobile and driving applications. Today, we are in the way to monolithic integration of OEO [2] , [7] and [8] . When we want to pack the OEO in small space, but still use external delay-line, the temperature and vibration sensitivity as well as electromagnetic interference are important [9] . The trade-off between achieving a low phase noise by long delay line and elimination of resonator side modes is always present. In this paper we describe measurements of the OEO spurious modes position and power that can be useful when external delay-line is used. Our non-integrated OEO has lower phase noise in comparison to the monolithic integration OEO since it has low Quality (Q) factor. The measurement results obtained in this work, help designers of a single-loop optoelectronic micro-wave oscillator to choose a proper electrical bandpass filter regarding with the necessary fiber length.
II. REVIEW OF THE STATE OF THE ART
In general, an OEO is composed of a laser diode, an opto-electronic modulator, an optical fiber (delay line), a photodetector, an electrical amplifier and filter, and other optical and electrical components such as a directional coupler [2] . In order to produce oscillation, the OEO should have Barkhausan conditions (gain and phase shift). In the OEO the optical Q-factor is directly proportional to the optical length of the delay line. In other words, if the length of the optical fiber is increased, the Q-factor is increased. However, by increasing the fiber length, the free spectral range (FSR) between the oscillation modes becomes smaller. The FSR can be defined as
where c0 is the speed of light, ng is the group index and L is the length of the cavity. As is clear from Eq.1, the FSR is inversely proportional to the optical fiber length. For example, with 1 km of optical fiber the FSR is around 200 kHz, but, on the other hand, it is 13.4 kHz with a 15-km OEO where ng is 1.468. An example of an OEO's output spectrum is shown in Fig. 1 .
It is very well known, that with a longer optical fiber length, the oscillator modes become closer. Therefore, it is more difficult to suppress the side modes of the oscillation due to the bandwidth limit of the electrical bandpass filter used in the OEO's loop. The power of the side modes is based on the Q-factor of the electrical filter. At higher frequencies it is extremely demanding to manufacture a very narrowband bandpass filter. Therefore, the side modes are observed in the output spectrum of oscillator. In A other words, side modes occurred due to not having ideal filter in the oscillator loop. Fig. 1 . Example of an optical spectrum at the output of a 9.3-GHz OEO [5] .
As mentioned previously in the text, the length of the optical fiber with the modes relation is shown in Fig. 2 . If the length of the fiber is increased, the FSR becomes smaller and the modes become closer together. Therefore, the electrical filter cannot suppress the modes because of the insufficient bandpass. The side-modes suppression ratio (SMSR) is defined as the proportion of the micro-wave or millimeter-wave power between the central oscillation frequency with the nearest higher-order spurious mode as shown in Fig. 3 . The phase noise of the OEO depends on several concepts of the devices and phenomenon in the OEO's loop. Briefly, for a single-loop of OEO, the phase noise is based on laser relative intensity noise (RIN), laser frequency noise, shot noise from photodetector, amplifier noise and Rayleigh scattering on the optical fiber. Fig. 3 . Frequency spectrum of the OEO with the cavity filter at 3 GHz.
As briefly explained, for the multi-mode operation of an OEO there have been many solutions to suppress its side modes. One option is to implement a coupled OEO [10] , where an additional feedback loop is used to beat with inphase laser modes. Another possibility is to place another optical loop in the system, which is called a dual-loop OEO [11] , where the long-loop contributes to the low phase noise, while the short-loop eliminates spurious modes. If the placement involves more than one additional optical loop it is called a multi-loop OEO [12] - [13] . Recently, a novel method was introduced in [14] , i.e., to use a hybrid bandpass filter in an OEO's loop at 30 GHz and have a Q of 30,000. With this implementation, a SMSR of 83 dB can be achieved. There is also another route, called the Quality multiplier, which can decrease the bandwidth of the cavity filter of the OEO [15] . With this technique the side modes are suppressed by 20 dB. There is also the possibility to use a photonic filter [16] instead of an electrical filter to suppress the side modes. Finally, there is the injection-locking method, which can be used to suppress the side modes [17] . With this technique two OEOs are injection locked and so no side modes are observed. A brief overview of possible side-modes suppression techniques shows us that we still do not have appropriate method. In order to have effective solution the behavior of those unwanted side modes need to be clear to designers of electrical bandpass filter. Our experimental setup can be used for the verification of designed electrical bandpass filters.
III. PROPOSED MEASUREMENT SETUP
For the experimental verification of our electrical bandpass filter, we built a single-loop OEO with fiber path selector. An electrical bandpass filter is a microstrip filter with a bandwidth of 100 MHz at a central frequency of 9.3 GHz. In the experimental work, the length of the optical delay line is changed from 1.25 km to 8.75 km with an increment of 1.25 km. We used a standard single-mode fiber G.652D.
The aim of this proposed measurement setup (Fig. 4) is to show how the FSR between the modes changed when we alter the optical fiber delay line and to enable effective measurement of the electrical part of a single-loop OEO. The optical paths are changed and combined with an optical fiber path selector. The experimental setup consists of a single-loop OEO with an electrical bandpass filter and an electrical and optical amplifier. A binary III-V semiconductor InP-based Mach Zehnder Modulator (MZM) with integrated distributed feedback (DFB) laser is used to generate optical signal. The Mach Zehnder amplitude modulator is biased in quadrature point, while the laser is temperaturestabilized. There is a fiber path selector device that allows the user to change the optical paths rapidly. The insertion loss (IL) of this device is around 6 dB. An erbium-doped fiber amplifier (EDFA) is used to compensate for the optical losses. The electrical amplifiers are used to compensate for the conversion loss (optical to electrical) and the IL of the electrical bandpass filter. An optical power meter is used in a feedback to control the EDFA when the optical length is selected with the fiber path selector. The purpose of a gain control is to tune the EDFA's pump laser to achieve always the same optical power at the OEO's photodiode. The gain control adjusts the power feedback seeded into the transmitter unit to obtain comparable results of electrical spectrum. A photograph of the measurement setup is shown in Fig. 5 . The results of oscillator spectrum were obtained with an Agilent Spectrum Analyzer. On the right-top corner of the photograph is the optical fiber (1.25-km, 2.5-km and 5-km) connected by an optical fiber path selector.
The measurement results are shown in Table 1 , Fig. 6 and Fig. 7 . For each measurement fiber length, the amplification of the EDFA is adjusted to compensate for the fiber attenuation. This allows us to have the same power at the input of the photodiode and therefore the power measurement conditions stay the same, while the fiber length is selected to have a new value. 24.00 >7.5 Fig. 6 . Experimental results. The data is directly obtained from the spectrum analyzer. The data are used to measure the FSR and the SMSR. Table 1 shows the high change (about 15 dB decrease) on SMSR when we change the fiber length from 3.75 km to 5 km. We assume that the reason is related to the characteristics of the electrical filter of the OEO. Fig. 7 shows the experimental result and theoretical calculation on the FSR. As it is clearly seen from Fig. 7 , the experimental results overlap with the theoretical calculations. Fig. 8 shows the experimental result on the SMSR with optical fiber length. Based on the results, proposed measurement setup supports the theory related to the FSR. Therefore, the optical fiber length should be taken into consideration when designing an OEO. In addition, from Fig. 8 it is clear that the SMSR is decreased with the increased fiber length of the OEO. This can be explained by the bandwidth of the electrical bandpass filter. When the optical fiber length is increased, the modes become closer to the main mode (where the electrical bandpass filter determines the oscillation frequency and it is not identical) so the modes are less suppressed compared to the shorter optical fiber lengths. Therefore, the power of the modes is increasing as the SMSR is decreased.
IV. CONCLUSION This paper briefly describes the methods used for an OEO to suppress the side modes of the oscillation. For the single-loop OEO we show how the FSR is changing with the optical delay line's length. There is a trade-off between the side modes and the phase noise. In other words, in order to decrease the phase noise of the OEO, the delay of the optical line should be increased. This can be done by increasing the optical fiber length. On the other hand, if the length of optical fiber is increased the FSR will be lowered that makes harder to suppress the side modes due to the insufficient bandwidth of the electrical filter. To overcome this trade off, one solution is to increase the Q-factor of the filter. Even though the length of the optical fiber is increased while improving the Q-factor of the filter, it could be possible to increase the phase noise. The reason in the increment of the phase noise in OEO with quality multiplier is that the Q-factor of the filter is increased by adding extra electrical circuit which adds electronic noise on the loop and increase the phase noise. As a conclusion, increasing the Q-factor of the filter should be thought clearly to avoid additional phase noise. We believe that our measurement setup for quantification of the FSR and the SMSR of a single-loop OEO by fiber path selector can help designers of band pass filters to evaluate side mode suppression rate faster.
